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Abstract CD4?CD25?Foxp3? regulatory T cells (Treg

cells) are critical for the maintenance of peripheral tol-

erance, and the suppression of autoimmune diseases and

even tumors. Although Treg cells are well characterized in

humans, little is known regarding their existence or

occurrence in ancient vertebrates. In the present study, we

report on the molecular and functional characterization

of a Treg-like subset with the phenotype CD4-2?CD25-

like?Foxp3-like? from a pufferfish (Tetraodon nigroviri-

dis) model. Functional studies showed that depletion of this

subset produced an enhanced mixed lymphocyte reaction

(MLR) and nonspecific cytotoxic cell (NCC) activity in

vitro, as well as inflammation of the intestine in vivo. The

data presented here will not only enrich the knowledge of

fish immunology but will also be beneficial for a better

cross-species understanding of the evolutionary history of

the Treg family and Treg-mediated regulatory networks in

cellular immunity.
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Abbreviations

MLR Mixed lymphocyte reaction

NCC Nonspecific cytotoxic cell

IBD Inflammatory bowel disease

ISH In situ hybridization

DIG Digoxigenin

LDH Lactate dehydrogenase

TM Trans-membrane

CYT Cytoplasmic tail

Introduction

Regulatory T cells (Treg cells) and Treg-mediated regu-

lation networks have recently become hot topics for study,

because of their crucial roles in the induction and main-

tenance of peripheral tolerance, as well as in suppression

of autoimmune diseases and tumors [1–3]. The naturally

occurring CD4?CD25? Treg cells are characterized as

anergic to IL-2 stimulation or signaling through TCR alpha

alone, which markedly suppress the polyclonal prolifera-

tion of T cells by an antigen nonspecific manner in vitro

[4, 5]. Treg cells are also known to inhibit proliferation of

B cells, cytotoxic function of NK cells, maturation of

antigen presenting cells including DCs and macrophages,

and cytokine production in both CD4? and CD8? T cells.

Therefore, Treg cells can target several stages of the

adaptive immune response, spanning the events of lym-

phocyte proliferation and activation, through to effector

function [6]. In vivo, elimination of Treg cells correlates

with an increase in inflammatory diseases, such as insulitis,
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arthritis, gastritis, and inflammatory bowel disease (IBD)

[7, 8]. More than one mechanism of CD4?CD25? Treg-

mediated suppression exists, including involvement of

immuno-suppressive cytokines (IL-10 and TGF-b1), con-

tribution of cell-to-cell cognate interactions, and

modification of APCs [1]. CD25 was first reported in 1995

as a phenotypic marker for CD4? regulatory T cells [7],

and studies since then have identified the transcription

factor forkhead box P3 (Foxp3) as a key intracellular

marker and also a crucial developmental and functional

factor for CD4?CD25? regulatory T cells [9, 10].

Treg cells have been well characterized in humans and

several other mammals; however, little is known about

their existence or occurrence in ancient vertebrates. It is

generally accepted that a precise immune system might

have become established in teleosts about 450 million

years ago [11], based on the origin of hallmark molecules

and cells for adaptive immunity, such as immunoglobulins,

major histocompatibility complex (MHC), and T and B

lymphocytes [12–15]. Nonetheless, the exact molecular

and cellular mechanisms underlying teleost immunity

remain elusive [16, 17]. Recently, a CD8 alpha positive

leucocyte population from fugu (Takifugu rubripes) was

found to proliferate in the same fashion as mammalian

CD8? T cells in response to PHA [18]. However, very little

is known about the sub-populations of fish lymphocytes,

such as Th and Treg cells, or whether they may function in

regulation of cell-mediated immunity, since most of the

hallmark molecules of these subsets in fish species have

still not been well characterized.

In the present study, we report on the molecular and

cellular identification and functional characterization of a

Treg-like cell population from a pufferfish (Tetraodon

nigroviridis). The molecular hallmarks of Treg cells,

including CD4, CD25 and Foxp3, were identified from this

fish model. Phenotypic identification showed that a CD4-

2?CD25-like?Foxp3-like? Treg-like subset existed in the

Tetraodon leucocyte population. The elimination of this

subset produced an enhanced mixed lymphocyte reaction

(MLR) and nonspecific cytotoxic cell (NCC) activity in

vitro, while in vivo, it evoked inflammation of intestine.

Our results provide the first evidence for the existence of a

functional Treg-like regulatory mechanism underlying

cellular immunity in a fish species. This strongly suggests

that precise cell-to-cell interactions and signal exchange

mechanisms underlie the immunity of ancient vertebrates,

and gives insights into the origin of a Treg-like subset

during early vertebrate evolution. Given the central roles

played by Treg cells in the regulation of cellular immunity,

autoimmune diseases, and transplant tolerance, we hope

that the identification of this subset in fish will not only

enrich the knowledge of fish immunology but will also

contribute to a better cross-species understanding of the

evolutionary history of the Treg family and Treg-mediated

cellular regulatory networks.

Materials and methods

Experimental fish

Spotted green pufferfish, T. nigroviridis, weighing

approximately 4–6 g, were kept in running water at 25�C

and fed with commercial pelleted food twice a day. The

fish were held in laboratory for at least 2 weeks prior to

experimental use, to allow acclimatization and evaluation

of overall fish health. Only healthy fish, as determined by

general appearance and level of activity, were used for

these studies.

Cloning and sequence analysis of foxp3,

CD4 and CD25

The sequences of foxp3, CD4 and CD25 were initially

screened in silico from the genome databases at UCSC as

previously described [19]. Total RNAs were extracted from

spleen and the head kidney tissues using RNAiso Plus

(TaKaRa). RT-PCR and RACE were used to obtain cDNA

sequences using primers shown in Supplemental Table 1.

The foxp3 distribution was detected by both RT-PCR and

real time RT-PCR in several tissues, including spleen,

kidney, gut, gill, and leucocytes, using primers shown in

Supplemental Table 1. Genomic structures and organiza-

tions were determined by comparing these cloned

sequences to the Tetraodon genome draft using the BLAST

program at UCSC. The potential motifs were searched in

the PROSITE database. Protein sequence alignment was

generated using Clustal X (1.8), and phylogenetic analyses

were conducted using MEGA version 4 [20].

Production of recombinant proteins

Sequences encoding Tetraodon mature IL-16 (C-terminal

of pro-IL-16, GenBank accession no. AY944133), MHC-II

b chain non-polymorphic region (GenBank accession no.

FJ812037), IL-2 (GenBank accession no. EF513163),

mature peptide of IL-15 (GenBank accession no.

DQ059388), extracellular domains of CD4s (CD4-2, CD4-4)

and CD25-like, were amplified with primers shown in

Supplemental Table 1. Purified PCR products were ligated

into digested pET28a, pET32a and pET41a vectors

(Novagen) with sequences encoding 69His, Trx and GST

tags, respectively. The recombinant proteins were induced

in E.coli Rosetta (Novagen) as soluble forms by isopropyl-

b-D-thiogalactopyranoside (IPTG, 1 mmol/L), and were

affinity-purified using Ni–NTA resin (QIAGEN) and
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GSTrap FF (GE Healthcare) according to the manufac-

turer’s instructions.

Binding assays

Quantitative ELISAs were utilized to analyze the interac-

tions among CD4s/CD25 and their ligands. Briefly,

different concentrations (0–100 pmol) of recombinant Trx-

CD4-2, Trx-CD4-4 and Trx (negative control) were coated

onto a 96-well plate and incubated overnight at 4�C. After

blocking with 2% BSA at 37�C for 1 h, 25 pmol GST-IL-

16, GST-MHC-II b chain or GST (negative control) were

added to each well, and incubated at 37�C for 4 h. The

wells were washed three times with PBST, then incubated

with 1:5,000 diluted anti-GST antibody (GenScript) at

37�C for 1 h. Different concentrations (0–10 pmol) of

recombinant GST-CD25-like or GST (negative control)

were also coated, blocked, incubated with 3 pmol Trx-IL-

2, Trx-IL-15 or Trx (negative control), and 1:5,000 diluted

anti-Trx antibody (GenScript), as described above. After

washing, the wells were incubated with secondary HRP-

conjugated antibody (Santa Cruz Biotechnology) at 37�C

for 1 h. Positive signals were developed with the TMB

color reaction and analyzed with a plate reader at 630 nm.

Preparation of polyclonal antibodies against CD4s

and CD25-like

Recombinant proteins containing only 69-His tags were

purified for polyclonal antibody (Abs) production. Briefly,

male 6-week-old New Zealand White Rabbits (*3 kg)

were immunized with 3 mg CD25-like, and Balb/c mice

(*30 g) were immunized with 50 lg CD4-2 or CD4-4.

The anti-sera were collected after six immunizations at

biweekly intervals. The anti-CD4-2, anti-CD4-4 and anti-

CD25-like Abs were subsequently purified into IgG iso-

types by affinity chromatography with purified antigens

and HiTrap Protein A HP column (Amersham Biosci-

ences). Western blots and antigen-specific ELISAs were

performed to characterize the specificity of the Abs to

CD4-2, CD4-4 or CD25-like.

Preparation of leucocytes

Leucocytes were prepared from Tetraodon peripheral

blood, spleen, and head kidney, as described previously

[21]. Briefly, spleen and head kidney were removed after

sacrifice of the fish. Single cell suspensions were obtained

by teasing the tissue (in serum-free RPMI-1640 culture

medium) through a nylon sieve. The cells were washed

twice in ice-cold culture medium without serum, collected,

and layered on 1.5 vol Histopaque (Sigma, density adjusted

to 1.0808 g/mL). Following 25 min centrifugation at 900g,

leucocytes were collected from the interface layer and

washed three times with PBS. These cells were then cul-

tured in RPMI-1640 medium (Gibco) supplemented with

5% fetal calf serum (Gibco), 100 U/mL penicillin, and

100 lg/mL streptomycin at 28�C. The cell number was

determined with a hemacytometer.

Chemotaxis assay

The chemotactic responses of CD4-2? or CD4-4? cells

to IL-16 were assessed by measuring the migration of

leucocytes, isolated from head kidney as above, through a

3-lm-pore polycarbonate filter in Transwell chambers

(Corning Costar). Briefly, 1.5 9 105 freshly isolated leu-

cocytes suspended in 1640 medium were added to the top

chamber, and recombinant GST-IL-16 and GST (negative

control) in 1640 medium were added to the bottom

chamber. After 4 h of incubation at 28�C, cells in the

bottom chamber were harvested and counted. Migration

index (MI) was defined as the ratio of cell migration in the

presence of GST-IL-16 or GST to 1640 medium control.

Limulus amoebocyte lysate (LAL) assay was performed

using the Endotoxin Assay Kits (GenScript) to make sure

that the recombinant proteins contain low concentration of

LPS. Each chemotaxis assay was performed at a series of

concentrations and repeated five times, independently. For

blockage experiments, freshly isolated leucocytes were

incubated for 30 min at 28�C with anti-CD4-2, anti-CD4-4,

PBS (mock control) and mouse IgG (negative control) at

saturating doses. After washing twice with PBS, blocked

leucocytes were used for chemotaxis assays as described

above.

Flow cytometry

Surface markers of fish leucocytes were analyzed with a

fluorescence-activated cell sorter (FACSCALIBUR; BD

Biosciences). Briefly, cells were blocked with 5% normal

goat serum, then incubated with primary Abs against

CD4-2 and/or CD25-like and secondary R-PE and/or

FITC-conjugated Abs (Santa Cruz Biotechnology). At least

10,000 events were collected. The analysis was performed

using Cell Quest Software (Becton–Dickinson).

Immunofluorescence staining

Cells for immunofluorescence staining were first fixed with

cold methanol for 5 min, blocked with 5% normal goat

serum at 37�C for 45 min, and incubated with primary

Abs against CD4-2 and CD25-like at 37�C for 45 min.

After washing, cells were then incubated with secondary

TRITC- and FITC-conjugated anti-mouse or anti-rabbit

Abs (Santa Cruz Biotechnology), and additional stainings
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with DAPI were performed before photomicrography.

Samples were photomicrographed under a confocal laser-

scanning microscope (LSM 510; Carl Zeiss).

Magnetic cell sorting

Approximately 1 9 109 leucocytes were incubated with

mouse anti-CD4-2 Abs for 15 min at 10�C, and then

incubated for 15 min at 10�C with anti-mouse IgG mag-

netic beads (Miltenyi Biotec) after 2 washes with MACS

buffer. The washing procedure was repeated and cells were

resuspended in MACS buffer. The cell suspension was

applied to an LS separation column according to the

manufacturer’s instructions. The CD4-2 positive (CD4-2?)

cells were collected and then incubated in RPMI-1640 (5%

FBS) at 28�C overnight to detach the magnetic beads.

Approximately 1 9 107 CD4-2? cell suspension was then

subjected to secondary sorting for CD25-like? cells using

the same procedure. The sorted cell types were confirmed

by FACs analysis. The fractionated CD4-2?CD25-like?

(*5 9 104) and CD4-2?CD25-like- (*1 9 105) cells

were used for identification of cell types, and the expres-

sion of TCR-a, IgL, CD8, and foxp3 was detected by

RT-PCR analysis, using the primers shown in Supple-

mental Table 1.

In situ hybridization

Head kidney paraffin sections and isolated leucocytes were

processed for ISH using a probe specific to foxp3 mRNA,

which was prepared according to the kit instructions

(Boster). Briefly, foxp3 cDNA that spanned two exons was

amplified using the primers shown in Supplemental

Table 1, and the purified DNAs were then labeled with

digoxigenin (DIG). Tissue sections and leucocytes pre-

pared by standard methods (Boster) were hybridized with

foxp3 probes in hybridization solution at 47�C for 15 h,

while the hybridization solution was added as a negative

control. The positive signals were revealed with DAB color

reaction. Positive foxp3 cells showed a brown color under

the light microscope (Eclipse 80i; Nikon).

Depletion of CD25-like? cells in vitro and in vivo

In vitro depletion of Treg-like cells from the total leuco-

cytes population was performed according to the method

described previously, by treating the cells with anti-CD25-

like antibody and complement [7]. Briefly, cell suspensions

(5 9 106) were incubated with 20 lL of 1:10-diluted of

anti-CD25-like (2 lg) for 45 min on ice, washed once with

PBS, and incubated with 1 mL of nontoxic mouse serum

diluted 1:5 with RPMI-1640 for 30 min at 37�C.

After washing twice with PBS, cells were suspended in

RPMI-1640 (5% FBS). A negative control used normal

rabbit IgG (2 lg) for the incubation. For in vivo depletion,

either 0.5, 2, or 5 lg anti-CD25-like Abs were injected i.p.

into healthy Tetraodon weekly, according to previous

reports, with slight modification [22]. Normal rabbit IgG

(2 lg/fish) was also injected as a negative control. The

effect of in vitro and in vivo depletion was confirmed by

FACs analysis.

Functional assessment by NCC activity

Cytotoxic activity for NCC (as effector cells) to K562

target cells was assayed by measuring lactate dehydroge-

nase (LDH) release according to the manufacturer’s

protocols (CytoTox 96 Non-radioactive Cytotoxicity

Assay; Promega). Briefly, cell populations of total leuco-

cytes (1 9 105) without any treatment, or CD25-like-

(Treg-like depleted) leucocytes (1 9 105), were co-cul-

tured with 1 9 104 K562 target cells for 4 h at 28�C. The

percentage of cytotoxicity for NCC activity was computed

as the ratio of absorbance of the experimental co-cultures

minus the spontaneous release of both the effector and

target cells to that of the target maximum release minus

spontaneous target values. In parallel, a recruitment

experiment was performed by adding magnetically sorted

Treg-like (CD4-2?CD25-like?) cells back into a Treg-like

depleted (CD25-like-) cell population at different propor-

tions of 5:0, 4:1, 1:1, or 1:4, in a total cell population of

1 9 105, and the NCC activity was examined as described

above. Each assay was carried five times in individual

experiments.

Functional assessment by MLR

A two-way MLR was performed to characterize the Treg-

derived suppressive functions [23]. Briefly, fish leucocytes

were prepared from peripheral blood, spleen and head

kidney of individuals as reported before. Cultures of leu-

cocytes (5 9 105 cells/well) derived from one fish were

mixed with equal numbers of total or CD25-like- leuco-

cytes from another fish and incubated for 72 h at 28�C. The

cellular proliferation was detected with a CCK-8 kit

(Beyotime) according to the manufacturer’s instructions.

The stimulus index (SI) was defined as the ratio of the

increased number of mixed lymphocyte cultures to the sum

of cells cultured alone. In addition, a recruitment experi-

ment was performed by adding magnetic sorting Treg-like

(CD4-2?CD25-like?) cells back into Treg-like depleted

(CD25-like-) mixed cultures at four different proportions,

5:0, 4:1, 1:1, or 1:4, in a total cell of 5 9 105, and cellular

proliferation was examined as described above. Each assay

was carried five times in individual experiments.
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Functional assessment in an IBD model by CD25-like?

cell depletion

Functional characterization of Treg-like cells was also

determined using an IBD model. For this purpose, Treg-

like cells were depleted by in vivo inoculation with anti-

CD25-like as in the method described above. The guts were

fixed in 10% formalin and embedded in paraffin, and 8-lm-

thick sections were then stained with hematoxylin and

eosin for histological assessment. In parallel, total RNAs of

intestines were extracted, and RT-PCRs were performed

to detect the expression of representative inflammation

factors for IBD, including TNF-a and IFN-c. In addition,

IL-10 was also detected, which secreted by Treg cells as a

regulator of IBD. The primers used in RT-PCR are shown

in Supplemental Table 1.

Statistical analysis

Statistical analysis was performed using SPSS version 16.0

software, and data were expressed as mean ± SD. Differ-

ences between the values were determined by two-tailed

paired t test. A value of p \ 0.05 was considered to be

significant. The sample number of each group was more

than five fish of equal mean body weight. Data points were

from at least three independent experiments.

Results

Identification of Tetraodon foxp3-like molecule

The molecular characterization of Tetraodon foxp3-like is

shown in Supplemental Figure 1. It shared an overall

structural consistency with the foxp3 molecules from

mammals, including a similar gene organization pattern

on chromosomes, a conserved forkhead domain at the

C-terminal, and a single C2H2 zinc finger domain 108

amino acids upstream from the forkhead domain [24].

However, somewhat unlike the gene from human, the

coding exons of Tetraodon foxp3-like were more similar

to those of zebrafish [25, 26], as the last coding exon was

divided into two segments corresponding to the last sin-

gle exon in human foxp3. The putative Tetraodon Foxp3-

like shared a similarity of 40% with its mammalian

homologs, 35% with Xenopus Foxp3, and 49% with

zebrafish Foxp3. Phylogenetic analysis showed that Tet-

raodon foxp3-like clustered most closely together with

zebrafish foxp3, and then with foxp3s from other species.

The remaining foxp family members (foxp1, 2, and 4)

were more closely grouped, excluding the foxp3s (see

Supplemental Figure 2).

Identification of Tetraodon CD4 molecules

The Tetraodon CD4 gene was identified by comparison

with several reported fish CD4 sequences [27–31]. In this

study, two CD4 genes were cloned from Tetraodon.

Because they possessed structural hallmarks of two and

four extracellular Ig domains, they were designated as

CD4-2 and CD4-4, respectively. Molecular characteriza-

tion analysis showed that these two molecules shared

similarities in genomic organization and syntenic rela-

tionship with the human forms, and were conserved in the

cytoplasmic tail (CYT) with a protein tyrosine kinase

p56lck binding motif (C–X–C) similar to that from mam-

malian CD4s (see Supplemental Figure 3). Together with

published CD4 amino acid sequences, a phylogenetic tree

was built using lamprey (Petromyzon marinus) as an out-

group. The result showed that fish CD4-2 molecules

formed a cluster in the CD4 family, indicating that these

two-Ig-domain molecules were additional CD4 homo-

logues in fish (see Supplemental Figure 4).

The functional diversity between the two fish CD4

molecules was characterized by their ligands (IL-16 and

MHC-II b chain b2 domain) binding experiments and

IL-16 chemotactic assays, according to the reports in

mammals [32, 33]. The results showed that CD4-2 has a

significantly higher binding capacity to IL-16 than did

CD4-4 (Fig. 1a, b). CD4-2 also demonstrated its ability to

bind with MHC-II b chain non-polymorphic region, while

CD4-4 showed negligible binding. In contrast, the binding

capacity of CD4-2 to IL-16 was stronger than to MHC-II b
chain under the same receptor/ligand molar ratio condi-

tions. The interactions between the molecules exhibited

dose-dependent. When the molar ratio of the receptor/

ligand exceeded 1, a plateau appeared due to an excess

amount of receptor. The background binding of GST

controls was much weaker and negligible. Similar results

were also seen in chemotactic assays. As shown in Fig. 1c,

IL-16 stimulated optimal leucocyte migration at a con-

centration of 5 9 10-8 mol/L. Before the blocking

analyses, anti-CD4-2 and anti-CD4-4 Abs were pretested

for their abilities of binding native CD4-2 and CD4-4

proteins on the cell surface by cellular staining experiments

(data not shown). Blockade cells with anti-CD4-2 Abs

significantly (p \ 0.01) inhibited the migration of leuco-

cytes in response to IL-16, as determined by the reduction

of average MI from 1.76 to 1.05 (Fig. 1d). Little reduction

in MI to IL-16 was seen in response to anti-CD4-4 Abs

treatment. There was a little reduction of MI with the

negative IgG, which might be due to some non-specific

interference comparing to the blank control. Thus, IL-16

appeared to function as a chemoattractant factor that was

preferential for CD4-2 positive leucocytes, suggesting that
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CD4-2 might play further essential roles in leucocyte

functions.

Identification of Tetraodon CD25-like molecule

The Tetraodon CD25-like shared an overall consistency

with the CD25 molecules from mammals and other species,

including conserved chromosome synteny, genomic orga-

nization, and functional motifs such as the sushi domain

and Pro/Thr rich domain (see Supplemental Figure 5).

However, Tetraodon CD25-like contained only one sushi

domain, instead of the two domains common to mamma-

lian CD25 molecules. We suggested that fish CD25-like

might serve as a common receptor (IL-2Ra/IL-15Ra) for

IL-2 and IL-15, since only one gene was found at the

corresponding locus of mammalian CD25 (IL-2Ra) and

IL-15Ra by comparative genomic analysis (see Supple-

mental Figure 6). To verify this hypothesis, we performed

a binding assay between CD25-like and IL-2/IL-15, and

found that Tetraodon CD25-like could bind to both IL-2

and IL-15 in dose-dependent manners, with a *fivefold

preference for binding IL-15 (Fig. 2). In parallel, the

background binding of Trx-tag controls was negligible.

To determine the phylogenic relationship of Tetraodon

CD25-like molecule with other CD25 molecules, we

aligned the first sushi domain of CD25 (IL-2Ra) with the

only sushi domain of IL-15Ra, as these contribute to the

majority of cytokine binding surfaces. As shown (see

Supplemental Figure 7), the higher vertebrate IL-2Ra,

IL-15Ra and fish IL-2Ra/15Ra formed distinct clades.

The evolutionary distance appeared closer between

higher vertebrate IL-2Ra and IL-15Ra than with teleost

IL-2Ra/15Ra. Thus, the fish CD25-like gene might be

an ancestral molecule of both mammalian IL-2Ra and

IL-15Ra.

Identification of CD4-2?CD25-like? cells

For phenotypic identification of Treg-like cells in Tetra-

odon, recombinant CD25-like and CD4-2 proteins and

their polyclonal antibodies were developed (see Supple-

mental Figure 8). By dual immunofluorescence staining

with anti-CD4-2 and anti-CD25-like, followed by TRITC-

and FITC-conjugated secondary antibodies, it was showed

that CD4-2 and CD25-like were co-located on the surface

of considerable isolated leucocytes (Fig. 3). FACs analysis

showed that about 3.82% of the peripheral leucocytes were

CD4-2?CD25-like? (Fig. 4a). This proportion was con-

sistent overall with that seen for mammalian Treg cells. To

dissect this subset, CD4-2?CD25-like? cells were sorted

Fig. 1 Functional diversity between Tetraodon CD4-2 and CD4-4.

a Purified fusion CD4s and their ligands were detected by SDS-

PAGE. M protein marker; lanes 1–3 Trx (*21 kDa), Trx-CD4-2

(*42 kDa), and Trx-CD4-4 (*63 kDa) fusion proteins, respectively;

lanes 4–6 GST (*34 kDa), GST-IL-16 (*52 kDa), and GST-MHC-

II b (*38 kDa) fusion proteins, respectively. b Direct binding

ELISAs were conducted for the detection of the interaction between

solid-phase CD4s with GST fusion ligands. The fusion Trx-CD4s

binding values minus the Trx background values are shown, and the

background values of CD4s and GST tag are relatively low. The

means of three experiments are presented for each set of experiments.

c Optimal leucocyte migration was determined by incubation with

different concentrations of IL-16 (squares) or GST (triangles).

d Polyclonal antibodies were tested for their ability to block rIL-16

stimulated Tetraodon leucocyte migration. All data are expressed as

migration indexes of five averaged experiments, with significance

indicated as **p \ 0.01
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from the total leucocytes by magnetic beads. About 95%

of magnetically sorted cells were CD4-2?CD25-like?

according to the FACs analysis (Fig. 4b). These isolated

CD4-2?CD25-like? cells, together with CD4-2?CD25-

like- cells and total leucocytes, were used for RT-PCR

analysis for further phenotypic identification using several

lymphocyte markers. As shown in Fig. 4c, TCR-a mole-

cules were expressed in all three groups, while IgL

transcripts were rich in total leucocytes, detectable in

CD4-2?CD25-like- cells, but only faint in CD4-2?CD25-

like? cells. This confirmed that most of the CD4? lym-

phocytes might be T cells. The CD8 molecules detected in

total leucocytes were not expressed in CD4-2? cells,

which suggested that fish possessed a single positive style

in common with mammalian T cells. Similar to human

Treg cells, a strong signal of transcription factor foxp3-like

was detected in CD4-2?CD25-like? cells, but not in CD4-

2?CD25-like- cells.

The Tetraodon Treg-like cells were further examined

with a foxp3-like probe (see Supplemental Figure 9).

RT-PCR and real-time RT-PCR showed that foxp3-like

mRNAs were detectable in all the tissues examined,

including peripheral leucocytes, spleen, kidney, gut, and

gill (a thymus containing tissue of fish), with the highest

expression detected in gills, followed by kidney. Peripheral

leucocytes and kidney tissues were selectively processed

for ISH analysis. The result showed that foxp3-like signals

were strongly focused on glomeruli of kidney, which were

known to be full of blood cells. Foxp3-like signals were

also detected in isolated leucocytes.

Inhibitory effects of CD25-like? cells

on NCC and MLR

The Treg-like cells were also identified by their repressive

functions. For this purpose, in vitro NCC and MLR activity

assays were performed. The Treg-like cells were depleted

by treatment of spleen and kidney leucocytes with anti-

CD25-like plus complement. As shown in Fig. 5a, after

this treatment, the proportion of CD25-like? cells declined

by 63.1%, from 10.9 ± 2.6 to 4.02 ± 0.4%, while this

proportion was only slightly reduced in the negative con-

trol group treated with rabbit IgG.

The NCC activity in this treated population (28.3 ±

10.4%) was significantly elevated (p \ 0.05) compared

with that of the total leucocyte population (15.0 ± 8.5%)

Fig. 2 Direct binding assays between Tetraodon CD25-like and IL-2/

IL-15. a Purified fusion CD25-like, IL-2 and IL-15 were revealed by

SDS-PAGE. M protein marker; lanes 1–2 GST-CD25-like and GST

proteins, respectively; lanes 3–5 Trx-IL-2, Trx-IL-15 and Trx

proteins, respectively. b Direct binding ELISAs were conducted for

the detection of the interaction between solid-phase CD25-like with

Trx fusion ligands. The fusion GST-CD25-like binding values minus

the GST background values were exhibited here, and the background

value of CD25-like and Trx tag is relatively low. The means of three

experiments are presented for each set of experiments

Fig. 3 Immunofluorescence

stains of CD4-2?CD25-like?

leucocytes. CD4-2 molecules

were detected with TRITC-

conjugated anti-mouse IgG that

revealed red fluorescence, while

CD25-like molecules were

detected with FITC-conjugated

anti-rabbit IgG that exhibited

green fluorescence. DAPI stain

shows the location of the nuclei.

The negative controls are shown

in the second row, and consisted

of negative mouse and rabbit

IgGs in place of primary anti-

CD4-2 and anti-CD25-like Abs

Fish Treg-like cells 2621

123



that had no treatment (Fig. 5b). This suggested that NCC

activity had been enhanced by the loss of the CD25-like?

population. As we expected, when CD4-2?CD25-like?

cells were added proportionally to a cell population from

which the CD25-like? cells had been depleted, the NCC

activities gradually decreased from 14.4 ± 2.5 to

6.1 ± 2.5%, indicating recruitment of Treg-like suppres-

sive activity in the depleted population.

Fig. 4 CD4-2?CD25-like?

leucocytes sorted by magnetic

beads. a FACs analysis of CD4-

2?CD25-like? cells before

magnetically sorting. b FACs

analysis of magnetically sorted

CD4-2?CD25-like? cells. c The

isolated CD4-2?CD25-like-,

CD4-2?CD25-like? and total

leucocytes were subjected to

RT-PCR for detecting foxp3-

like, TCR, IgL, and CD8 mRNA

expression

Fig. 5 Repressive function of Tetraodon CD25-like? cells in vitro.

a In vitro depletion of Tetraodon CD25-like? leucocytes. The

Tetraodon leucocytes were incubated with rabbit anti-CD25-like Abs

and complement, and FACs was conducted to analyze the proportion

of CD25-like positive cells. A negative control using normal rabbit

IgG was devised for the incubation. b, c Functional identifications of

Tetraodon Treg-like cells by non-specific cytotoxic cell (NCC)

(b) and mixed lymphocyte reaction (MLR) (c) activities in vitro.

Figures on the abscissa indicate different effector cells: 1 total

leucocytes, 2 CD25-like? depleted leucocytes, 3–5 CD25-like?

depleted leucocytes plus CD4-2?CD25-like? cells with a proportion

of 4:1, 1:1, 1:4, respectively, 6 CD4-2?CD25-like? cells. NCC or

MLR activities of treated cells had been compared with total

leucocytes, with significance indicated by *p \ 0.05 and most

significant differences indicated by **p \ 0.01
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Similar results were also observed in MLR assays. As

shown in Fig. 5c, a significant (p \ 0.01) increase in MLR

activity was observed in CD25-like? cell depleted groups

compared to that of untreated control groups. In this case,

the stimulus indexes were dramatically elevated from

7.9 ± 1.8 to 40.9 ± 5.8%. Meanwhile, in recruitment

experiments, the stimulus indexes sharply dropped from

40.9 ± 5.8 to 18.1 ± 11.3%, accompanied by the supple-

ment of different proportions of CD4-2?CD25-like? cells

to the population with CD25-like? cells depleted. A neg-

ative stimulus index was detected in experiments in which

the stimulator untreated leucocytes were co-cultured with

extra CD4-2?CD25-like? cells from another fish. In this

case, the stimulus index was significantly (p \ 0.01)

decreased in the experimental group in comparison with

that in normal untreated group. This provided further

support for the repressive function of this Treg-like subset.

Control tests in which leucocytes were incubated with

negative rabbit IgG plus complement exhibited similar

results to the normal untreated group in both NCC and

MLR assays (data not shown). Thus, CD4-2?CD25-like?

cells could clearly dampen cellular immune activities in

vitro.

Functional characterization by an in vivo autoimmune

disease model

To further investigate the existence of Treg-like cells in

Tetraodon, an in vivo elicitation of an inflammatory bowel

disease model was developed. For this purpose, various

dosages (0.5, 2, or 5 lg/fish) of anti-CD25-like antibody

were injected into healthy Tetraodon to deplete their Treg-

like cells. Normal rabbit IgG was injected into control fish

for a negative control. The depletion of CD25-like? cells

was determined by flow cytometry.

As shown in Fig. 6a, the CD4-2?CD25-like? Treg-like

cells were reduced by 46.4% (from 2.78 to 1.49%) after a

6-week inoculation of anti-CD25-like antibody at the

dosage of 2 lg/fish. The guts from both experimental and

control fish were sectioned for pathological analysis. As

shown in Fig. 6b, inoculation with 2 lg anti-CD25-like

antibodies for 6 weeks induced a severe intestinal wall

damage with epithelial exfoliation, while no such patho-

logical changes were observed in the control inoculation

intestinal segment. The intestinal villi were blunted and

broadened, with interstitial edema, and the infiltration of

lymphocytes could be also observed in the submucosa.

These are all typical features seen in inflammatory bowel

disease. The guts from the three groups that received 0.5, 2,

or 5 lg/fish anti-CD25-like antibodies were verified to

have developed inflammatory lesions, by detecting the

levels of IFN-c and TNF-a, two typical inflammatory fac-

tors involved in inflammatory bowel disease. As shown in

Fig. 6c, both IFN-c and TNF-a were detectably expressed

in experimental groups, but were negligibly expressed in

normal fish or in fish injected with rabbit IgG. The

expression levels of these two cytokines were increased

with increasing levels of anti-CD25-like inoculum.

To further characterize the inflammatory response, fish

that were injected with 2 lg anti-CD25-like antibody were

sacrificed every week, and intestinal RNAs were extracted

for RT-PCR. As shown in Fig. 6d, IFN-c emerged in the

first week, increased in the third week, and was substan-

tially enhanced in the sixth week. TNF-a, however, was

first observed in the first week, increased in the fourth

week, and then showed a sharp increase in the sixth week.

Taken together, these results indicated that depletion of

CD4-2?CD25-like? Treg-like cells in vivo contributed to

intestinal inflammation in previously healthy Tetraodon.

Discussion

Regulatory T cells are critical for an effective immune

system as they prevent aggressive and harmful immune

responses. Increasingly, more evidence is now revealing

that specific T cell populations with suppressive/regulatory

properties tightly control autoaggressive immune respon-

ses. This suppression was first described in the 1970s, when

a group of T cells was shown to inhibit various T cell-

mediated reactions, notably the mixed lymphocyte reaction

[34]. In 1995, CD25 was first reported as a phenotypic

marker for CD4? regulatory T cells [7]. More recent

studies have shown that the transcription factor forkhead

box P3 (foxp3) is not only a key intracellular marker but is

also a crucial developmental and functional factor for

CD4?CD25? regulatory T cells [9, 10].

However, although numerous, the studies on Treg cells

have tended to be confined to a few mammals, such as

human and mouse. To explore the origin and evolution of

the acquired immune system, especially for the specific

regulatory T cell populations, it is essential that ancient

vertebrates also be integral participants. Therefore, the

results from this study on the Tetraodon, which has a clear

genome background, can now begin to fill this void in our

knowledge.

The identification of CD4, CD25-like and foxp3-like

molecules from Tetraodon gives a preliminary observation

of the existence of a Treg-like subset in this species. As an

essential transmembrane glycoprotein expressed on the

lymphocyte surface, CD4 molecules with various extra-

cellular domains have been previously identified in several

teleosts [27–31]. In Tetraodon, different CD4-like genes

also exist that have a different number of extracellular Ig

domains, indicating a diversity of fish CD4 molecules.

Regarding the origin of this molecule, Laing et al. [28]

Fish Treg-like cells 2623

123



suggested that the two-Ig-domain CD4REL was duplicated

to generate the four-domain molecule of CD4, with

CD4REL likely representing the primordial form in fish.

However, why fish possess various CD4 molecules and

how these molecules function are still unknown. In the

present study, we found that CD4-2, rather than CD4-4,

showed binding capacity with both MHC-II and IL-16 and

was largely responsible for lymphocyte migration in

response to the chemoattractant factor IL-16. These

observations suggested that the ancestral CD4-2 plays an

essential role in fish cellular immunity, and it might rep-

resent a Th/Treg marker in fish, corresponding to their

mammalian CD4 orthologs. Nevertheless, further study

is needed to decipher the biological significance of fish

CD4-4.

In human and mammals, the full receptor complexes of

both IL-2 and IL-15 are heteromeric, sharing co-utilized

beta and gamma chains, and a specific unit for IL-2 and IL-

15, respectively. CD25 (IL-2Ra) is the specific chain for

IL-2, while IL-15Ra is the corresponding one for IL-15

[35, 36]. In general, IL-2Ra and IL-15Ra are believed to

arise from a common ancestral gene, as there is much

common genetic ground between them [36], but direct

evidence to prove this hypothesis is lacking. In the present

study, we have found that, unlike the close linkage of

IL-2Ra and IL-15Ra in mammalian genomes, only one

corresponding IL-2Ra/IL-15Ra-like gene is located at the

same chromosomal site in teleost fish. Phylogenetic anal-

ysis showed that fish CD25-like (IL-2Ra/IL-15Ra-like)

formed a distinct clade apart from the IL-2Ra and IL-15Ra
of higher vertebrates, indicating that fish CD25-like might

be the ancestral gene of the IL-2Ra/15Ra gene family. The

fish CD25-like also indicated a potential tandem duplica-

tion between IL-2Ra and IL-15Ra, which probably had

occurred locally in the four-limbed species after separation

from teleost fish. On the other hand, it was retained as one

single copy in teleost species, as shown in Supplemental

Figure 10. The fish CD25-like gene shared somewhat more

Fig. 6 Assessment of

Tetraodon inflammatory bowel

disease after depletion of CD25-

like? cells. a Flow cytometry

analysis for CD4-2?CD25-like?

cells of a fish that was injected

with 2 lg anti-CD25-like Ab

for 6 weeks comparing with a

control fish injected with 2 lg

rabbit IgG. b The guts of these

two fish were fixed in 10%

formalin and processed for

paraffin sectioning and, HE

staining: 1 for control fish

injected with rabbit IgG, 2 for

fish injected with anti-CD25-

like antibodies. c Detection of

intestine IFN-c and TNF-a
6 weeks after injection with

anti-CD25-like antibodies by

RT-PCR analyses: C for normal

fish, 0 injection with 2 lg rabbit

IgG, 1 injection with 0.5 lg

anti-CD25-like antibodies, 2
injection with 2 lg anti-CD25-

like antibodies, 3 injection with

5 lg anti-CD25-like antibodies,

and the corresponding semi-

quantitative analyses of these

two genes relative to b-actin

were shown in lower panel.
d Weekly detection of intestine

IFN-c and TNF-a for injection

with 2 lg anti-CD25-like

antibodies by RT-PCR, and the

corresponding semi-quantitative

analyses are shown in the lower
panel
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genetic similarities with the mammalian IL-15Ra gene, and

the CD25-like molecule had affinity to both IL-15 and IL-2

(high to IL-15 and moderate to IL-2). We suggest that the

CD25-like molecule in fish may be evolutionarily closer to

IL-15Ra, and we envisage it as serving as a co-receptor

component for both IL-2 and IL-15.

Based on the molecular identification of the hallmarks of

Treg cells, we were successful in isolating a Treg-like subset

from Tetraodon with a phenotype of CD4-2?CD25-like?

foxp3-like?. This subset may represent ancestors of regu-

latory T cells from early vertebrate evolution. Similar to

mammalian Treg cells, this CD4-2?CD25-like? population

expressed TCR, CD4-2, CD25-like, and foxp3-like, but not

IgL or CD8. Another isolated population with phenotype of

CD4-2?CD25-like- was found to express TCR and IgL, but

not foxp3 or CD8, revealing a similar single positive style to

that seen in mammalian T cells [37, 38]. The fish version of

foxp3-like seemed to be specifically expressed in CD4-

2?CD25-like? lymphocytes, indicating its essential role

throughout Treg cell evolution, with conserved structure and

function. Therefore, fish may prove to be perfect models for

investigations of both foxp3 and Treg cells.

The Treg-like cells were also functionally identified by

their suppressive characterizations, both in vitro and in

vivo. Healthy fish contained a low proportion of Treg-like

cells, but they exerted strong suppressive effects on both

MLR and NCC activity. In MLR assays, the cellular pro-

liferation was dramatically increased by depleting Treg-

like cells from the responding cells, while it could be

significantly reduced by supplementation with sorted Treg-

like cells. In NCC assays, we have also characterized

stronger aggression of these Treg-like-depleted populations

against tumor K562 cells.

In mammals, it has been well documented that Treg

cells can prevent the development of pathogenic responses

toward commensal bacteria [8]. The intestinal immune

system must orchestrate a complex balance between Th

and Treg cells, and disruptions in this balance can result in

IBD [39, 40]. Therefore, the IBD model was used for

functional evaluation of Treg-like cells in our study. The

pathological changes of the intestine and the expression of

IFN-c and TNF-a were used to evaluate the levels of

inflammatory bowel disease, and IL-10 was used to eval-

uate Treg-like activity. After 6 weeks following in vivo

inoculation of anti-CD25-like antibody, a significantly

reduced number of Treg-like cells were observed. This was

accompanied with dramatic intestinal lesions, including

histological lesions, upregulation of IFN-c and TNF-a, and

downregulation of IL-10. All these responses could have

been elicited by dysregulation of Treg-like cells in the

intestinal immune system. These results were similar to

those seen in mammalian IBD models, in which the sup-

pressive cytokine, IL-10, is important for the maintenance

of T cell tolerance in the gut [41, 42]. The exact mecha-

nism underlying the fish Treg-like immunity remains to be

clarified.

In conclusion, our studies provide the first evidence that

a regulatory mechanism mediated by T cells operates in

ancient vertebrates. A precise cellular regulatory network

might therefore have emerged during early vertebrate

evolution. We hope that it will be beneficial for the better

understanding of the evolutionary history of adaptive

immunity. We also anticipate that fish will become a model

for understanding T cell immunity and evolutionary

relationships.
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